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                                                                Abstract 
We will discuss the experimental results of the behavior of the angular distributions of 
slow particles emitted in hadron-nuclear and nuclear-nuclear interactions at relativistic 
energies. 
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                                                   1.  Introduction 
 
Searching for the signals on the formation and decay of cluster formation [1, 2], 
formation of the fireballs [3] and other intermediate baryon objects could be considered 
as a very important tool to reach the new states and phases of nuclear matter.  
Formations of these objects in the interactions of the hadrons and nuclei with 
nuclei have to influence on the characteristics of secondary particles and this  lead to 
changing the behavior of the ones. By studying these changing, it is possible to get some 
important information about the dynamics of the interactions. There are many papers that 
predict that the angular distributions of fragments could have some special structure as a 
result of the formation and decay of some intermediate formations (for example see [4]).  
There are only a few experimental results [5-8] that could be considered as some 
confirmation of it. These results mainly belong to the interactions of hadrons and light 
nuclei (we are going to discuss its below). But there is not any information about the 
same structure for the heavy nuclei interactions. So the main goal of our work is to 
analyze the angular distributions of secondary slow particles emitted in such interactions. 
We have used the experimental data on Kr+Em - reaction at 0.95 A GeV [9] and Au+Em 
- reaction at 10.6 A GeV [10]. 
This information is necessary to understand the dynamic of regime change on the 
behavior of characteristics of the particles as a function of centrality [11]. It is possible 
that the reason of the structure in angular distributions of slow particles in central 
collisions is the formation and decay of the nuclear cluster through the percolation 
mechanisms (for example see [12]).  We, therefore, think about percolation mechanism 
because the structure was observed mainly in hadron-nucleus and light nucleus-nucleus 
central collisions. It will be very perspective to continue these investigations because now 
there are some very interesting ideas connected with the formation and decay 
intermediate baryon objects through the percolation mechanism [13]. Let us consider 
some of them.    
The paper [14] discusses that deconfinement is expected when the density of 
quarks and gluons becomes so high that it no longer makes sense to partition them into 
color-neutral hadrons, since these would strongly overlap. Instead we have clusters much 
larger than hadrons, within which color is not confined; deconfinement is thus related to 
cluster formation. This is the central topic of percolation theory, and hence a connection 
between percolation and deconfinement seems very likely [15]. Observing of the effects 
connected with formation and decay of the percolation clusters in heavy ion collisions at 
ultrarelativistic energies could be the first step for getting the information of the onset 
stage of deconfinement.  
Another idea is connected with nucleon coalescence effect in heavy ion 
interactions [16]. There is a very great chance that the effect of the light nuclei emission 
in heavy ion collisions are to be one of the accompany effects of percolation cluster 
formation and decay. Since the probability of coalescence of a particular nuclear system 
depends on the properties of the hadronic system that formed as a result of the collision, 
so it could be expected that probability of nucleon coalescence process could increase 
with growing nuclear matter density, with the formation of percolation cluster.  
Light nuclei are fairly large objects compared to simple hadrons and their binding 
energies are small compared to freeze out temperatures, which are on the order of 100 
MeV. These light clusters are, therefore, not expected to survive through the high-density 
stages of the collision. The light nuclei observed in the experiment are formed and 
emitted near freeze-out, and they mainly carry information about this late stage of the 
collision. This is evident from the simple nucleon coalescence model [17].  Existing of 
the light nuclei produced as a result of coalescence has to change the behavior of the 
centrality dependences of light nuclei yields. It is expected the regime change on the 
behavior of light nuclei yields as a centrality of collisions. 
To fix the baryon density of nuclear matter, the centrality experiments are usually 
used.  
 
  2. Angular distribution of the fragments 
 
As we mentioned above, there are only a few experimental results [5-8], which 
could be considered as possible confirmation of the existing some structure on the 
angular distribution of secondary particles mainly for the emitted protons and for the 
slowest fragments. Let us consider them. 
 
                             2.1. Hadron-nuclear interactions 
 
In paper [5] it was obtained that the angular distributions of protons emitted in π-
12C-interaction (at 40 GeV/c) with total disintegration of nuclei (or central collisions) 
have some structure, pick at angles close to 600 (see Fig.1). This result was confirmed by 
the data, which were obtained at the investigation of the angular distributions of protons 
emitted in π-12C-interaction with total disintegration of nuclei at 5 GeV/c [6] (see Fig.2). 
In both works were considered protons with momentum less than 1 GeV/c. 
 
 
 
                 Fig.1. The angular distributions of protons emitted in π-12C-   
                 interaction (at 40 GeV/c) with total disintegration of nuclei. 
                                   
 
                Fig.2. The angular distributions of protons emitted in π-12C-   
                interaction (at 5 GeV/c) with total disintegration of nuclei. 
 
2.2. Interactions of light and middle mass nuclei with emulsion ones 
 
In Fig. 3 the angular distributions for the slow protons emitted in the central 
He+Em- (at 2.1 A GeV), O+Em - (2.1 A GeV) and Ar+Em - (1.8 A GeV) collisions are 
shown. The data were taken from paper [7]. The some wide structure was observed in 
these distributions. 
 
 
                                        
                    Fig.3. The angular distribution for slow protons emitted in the central     
                    He+Em-( at 2.1 A GeV), O+Em - (2.1 A GeV) and Ar+Em - (1.8 A GeV)    
                    collisions.  
 
Almost similar but wider structures have been observed on the angular distributions of 
the b-particles emitted in the Ne+Em reactions at 4.1 A GeV (see Fig.4-5) [8]. They 
commented the structure become cleaner in central collisions. 
                     
                    Fig.4. The angular distributions of the b-particles emitted in the   
                    Ne+Em reactions at 4.1 A GeV. 
 
                                     
                               
 
                    Fig.5. The angular distributions of the b-particles emitted in the   
                    Ne+Em reactions (with different centralities Q, the condition 0 ≤ Q ≤ 1    
                    corresponds to the most central event and 8 ≤ Q ≤ 10 to peripheral ones) at    
                    4.1 A GeV. 
 
The scattering and rescattering effects could explain the peak that is in angular 
distribution of b-particles emitted in peripheral Ne+Em collisions. 
 
                         3. The results of the heavy nuclei interaction 
 
So we could see above that there are experimental results, which demonstrated the 
existing of some structures on the angular distributions of protons and b-particles emitted 
in the interactions of hadrons, light and middle mass nuclei with nuclear targets. But there 
is not any information about same structure for the interaction of heavy nuclei with 
nuclear targets. Getting this information was the main goal of our investigation and to 
reach it the experimental data on Kr+Em - reaction at 0.95 A GeV [9] and Au+Em - 
reaction at 10.6 A GeV [10] are processed by us. These data were obtained by the 
EMU01 Collaborations [9,10] using nuclear beams of the AGS BNL.  
The angular distribution of slow particles was presented by the EMU01 
Collaboration (for example see [18]). But in our investigation the angular distribution of 
the slow fragments were considered separately for: 
1) all events and the events with a number of Nh ≥ 8 (Nh is a number of h-
particles in emulsion experiments, this criterion have been used to 
separate the heavy nuclei interaction by the Collaboration); 
2) the peripheral and central collisions.   
 
The experimental data have been compared with data coming   from the cascade 
evaporation model (CEM, see [19]).  
Fig 6 a-d show the angular distributions of the b- and g – particles emitted in the       
Kr + Em - reactions at 0.95 A GeV. The results are shown separately for all events (Fig.6a, 
b) and the events with Nh ≥ 8 (Fig.6c, d). The results coming from the CEM have also been 
shown in these figures. We cannot see any structure on these distributions that observed in 
Figs.1-5.   
 
 
       
 
               Fig.6 a-d.  The angular distributions of the particles emitted in                          
               Kr+Em-reactions at the energy 0.95 A GeV (black circles are experimental   
               data): a) b-particles and b) g-particles emitted in the all events; c) b-    
               particles and d) g-particles emitted in the events with Nh ≥ 8. The  
               histograms are the results coming from the CEM.  
 
In Fig 7a-d are shown the angular distributions of the b- and g – particles emitted in 
the Au + Em - reactions at 10.7 A GeV. As in Fig. 6 a-d, the results are demonstrated 
separately for all events (Fig.7a-b) and the events with Nh ≥ 8 (Fig.7c-d).  
 
          
       
 
               Fig.7 a-d.  The angular distributions of the particles emitted in                          
               Au+Em-reactions at the energy 10.7 A GeV (black circles are experimental   
               data): a) b-particles and b) g-particles emitted in the all events; c) b-particles  
               and d) g-particles emitted in the events with Nh ≥ 8. The histograms are the  
               results coming from the CEM.  
 
These figures show some structure in the angular distributions for b- and g-
particles. CEM could not describe completely the angular distributions of b-particles. We 
could also say that there is some wide structure in the angular distributions of these 
particles in the events with Nh ≥ 8. We believe that this structure could be connected with 
elastic scattering of the internuclei nucleons. That is why this structure is seen more 
cleanly in all the events. 
There is some systematic deviation for the experimental data obtained for g-
particles from the ones coming from the CEM.  
In the Figs.8 a-d are demonstrated the angular distributions of the b-, and g – 
particles emitted in the Kr + Em - reactions at 0.95 A GeV. The results are shown 
separately for the central collisions (Figs.8a-b) and for the peripheral ones (Figs.8c-d). To 
select the central collisions, we used the criteria Ng ≥ 20 which was obtained in paper 
[20].  
 
                              
 
                             
 
               Fig.8 a-d.  The angular distributions of the particles emitted in                          
               Kr+Em-reactions at the energy 0.95 AGeV (black circles are experimental   
               data): a) b-particles and b) g- particles emitted in the central collisions;  
               c) b-particles and d) g-particles emitted in the peripheral collisions. The  
               histograms are the results coming from the CEM.  
 
We can see that there is not any special behavior for these distributions, which 
could not be described by CEM as well as in Fig.6 a-d. 
In the Fig.9a-d are demonstrated the angular distributions of the b- and g – 
particles emitted in the       Au + Em - reactions at 10.7 A GeV. The results are shown 
separately for the central collisions (Fig.9a-b) and for the peripheral ones (Fig. 9c-d). To 
select the central collisions, we used the criteria NF ≥ 20 though in paper [20]. It was 
shown that the central Au+Em-events (at 10.7 A GeV) should be selected using the 
criteria NF ≥ 40. We, therefore, did not use last criteria because a number of events with 
NF ≥ 40 are very small.  
We can see that in peripheral collisions for b-particles, the structure becomes 
cleaner. It could mean that these structures are as a result of nucleon elastic scattering. It 
is seen that the structure gets weak and almost disappear in central collisions.  
 
                
         
                
 
               Fig.9 a-d.  The angular distributions of the particles emitted in                          
               Au+Em-reactions at the energy 10.7 A GeV (black circles are experimental   
               data): a) b-particles and b) g-particles emitted in the central collisions; c) b- 
               particles and d) g-particles emitted in the peripheral collisions. The histograms    
               are the results coming from the CEM. 
 
                        4. Discussion the results and summary 
 
So we could see that the angular distributions of b-and g-particles emitted in 
Au+Em-reactions as well as in the Kr+Em-reactions don’t contain any special structure 
which could not be described using the usual mechanisms of the interaction such as 
cascade evaporation, elastic scattering.  
If we will turn to the results which are represented in paragraphs 2.1, 2.2 and will 
compare them with the result obtained for Kr+Em and Au+Em, so we could see that with 
increasing the mass of the projectile particle the angular distribution of slow particles 
change and the structure which was mentioned above almost disappeared.  
In paper [20] the behavior of the distributions of the target (b -, g - and h -
particles) and the projectile fragments (F -particles) emitted in Kr + Em - (at energies   
0.95 A GeV) and in Au + Em- reactions (at energies   0.95 A GeV) have been studied. 
Comparing the experimental data with ones coming from the cascade-evaporation model 
[19], it has been concluded that the formation of cluster could sufficiently influence the 
characteristics of nuclear fragments.  
In paper [2] the results of intranuclear cascade calculations (ideal gas with two-
body collisions and no mean field), complemented by a simple percolation procedure, are 
compared with experimental data on protons and light nuclear fragments (d, t, 3He, and 
4He) measured in 400 and 800 A MeV Ne+Nb collisions using a large solid angle 
detector. The model reproduces quite well global experimental observables like nuclear 
fragment multiplicity distributions or production cross-sections, and nuclear fragment to 
proton ratios. 
The results that were presented in papers [2,20] demonstrated that to describe the 
multiplicity distribution of slow particles, it is necessary to use special mechanisms as 
well as percolation one. But for angular distributions, the   influence of any other 
mechanisms than cascade evaporation ones and elastic scattering mechanisms appears to 
be negligible small.  
This result could be explained by the following way: during the interaction of the 
projectile with nuclear target with increasing the mass of the projectile; a number of 
secondary interactions are growths as well as a number of nucleon-nucleon elastic 
scatterings and rescattering events. These effects could lead to the disintegration of any 
intermediate formations as well as clusters, decreasing their influence (expect to 
multiplicity distribution) on the characteristics of the emitted particles.  
In ultrarelativistic ion interactions, it was also observed the decreasing (or 
suppression) some effects, which were observed for light nuclear collisions. So at CERN 
SPS energy the NA50 [21] experiments observed the J/ψ suppression in Pb+Pb 
interaction at 158 GeV in comparison with the light nuclear collisions. At BNL RHIC 
energy the Star [22] and Phenix [23] experiments observe the suppression of high pt 
particles. It is supposed that the reason of these effects could be the formation the new 
phase of strongly interacting matter (for example Quark Gluon Plasma [24]). May be 
these results point up to that to get more true information about the intermediate nuclear 
systems more easy way could be to use the data of hadron-nuclear and light nuclear-
nuclear interactions. 
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